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Rare variants in MDGAs (MAM domain-containing 
glycosylphosphatidylinositol anchors), including mul- 
tiple protein-truncating deletions, are linked to au- 
tism and schizophrenia, but the function of these genes 
is poorly understood. Here, we show that MDGA1 and 
MDGA2 bound to neuroligin-2 inhibitory synapse- 
organizing protein, also implicated in neurodevelopmen- 
tal disorders. MDGA1 inhibited the synapse-promoting 
activity of neuroligin-2, without altering neuroligin-2 sur- 
face trafficking, by inhibiting interaction of neuroligin-2 
with neurexin. MDGA binding and suppression of syn- 
aptogenic activity was selective for neuroligin-2 and not 



neuroligin-1 excitatory synapse organizer. Overexpression 
of MDGA1 in cultured rat hippocampal neurons reduced 
inhibitory synapse density without altering excitatory syn- 
apse density. Furthermore, RNAi-mediated knockdown of 
MDGA1 selectively increased inhibitory but not excitatory 
synapse density. These results identify MDGA1 as one of 
few identified negative regulators of synapse development 
with a unique selectivity for inhibitory synapses. These re- 
sults also place MDGAs in the neurexin-neuroligin synap- 
tic pathway implicated in neurodevelopmental disorders 
and support the idea that an imbalance between inhibitory 
and excitatory synapses may contribute to these disorders. 



Introduction 

Recent genetic studies implicated a number of synaptic cell 
adhesion molecules and their intracellular partners in both 
autism spectrum disorders (ASDs) and schizophrenia (Betancur 
et al., 2009; Bourgeron, 2009). Among these, NRXN1 encoding 
neurexin- 1 is one of the genes most strongly linked to nonsyn- 
dromic ASDs through copy number variants and sequence al- 
terations (Szatmari et al., 2007; Siidhof, 2008; Sanders et al., 
2011). Function-altering variants in neurexins NRXN2 (Gauthier 
et al., 201 1) and NRXN3 (Vaags et al., 2012) and trans-synaptic 
binding partner neuroligins NLGN1-4 (Siidhof, 2008; Glessner 
et al., 2009; Sun et al., 2011) are also linked to ASDs and 
schizophrenia. The idea that a rare variant in one of these indi- 
vidual genes may confer substantial risk for such psychiatric 
disorders is supported by animal models. Mice with mutations 
in NLGN3 or NLGN4 mimicking disease variants exhibit selec- 
tive behavioral deficits in social interaction (Tabuchi et al., 2007; 
Jamain et al., 2008). 
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Neuroligins and neurexins function as synapse-organiz- 
ing proteins, mediating cell adhesion and recruiting components 
to developing synapses (Siidhof, 2008; Siddiqui and Craig, 2011; 
Krueger et al., 2012). Neuroligin function is important for 
fundamental aspects of synapse development, supported by the 
perinatal lethal phenotype of mice lacking neuroligin-1, -2, and -3 
(Varoqueaux et al., 2006). Neuroligin-1 localizes selectively 
to excitatory postsynaptic sites (Song et al., 1999) and over- 
expression enhances excitatory synapse development (Chih 
et al., 2005). Mice lacking neuroligin-1 exhibit selective defi- 
cits in NMDA receptor-mediated glutamatergic transmission 
(Chubykin et al., 2007), and additional knockdown of neuroli- 
gin-3 and other neurexin partners such as LRRTMs suggests 
that neuroligin-1 cooperatively contributes to AMPA receptor- 
mediated transmission (Soler-Llavina et al, 2011). Neuroligin-2 
localizes selectively to inhibitory synapses (Graf et al., 2004; 
Varoqueaux et al., 2004), interacts with collybistin inhibitory 
postsynaptic protein (Poulopoulos et al., 2009), and mice lack- 
ing neuroligin-2 exhibit deficits in postsynaptic composition 
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and function at subsets of inhibitory synapses (Chubykin et al., 
2007; Gibson et al., 2009; Poulopoulos et al., 2009). 

MDGA1 (MAM domain-containing glycosylphosphati- 
dylinositol anchor 1) and MDGA2 were also recently implicated 
in ASDs and schizophrenia. Intronic single nucleotide polymor- 
phisms in MDGA1 were linked to schizophrenia in multiple 
independent studies (Kahler et al., 2008; Li et al., 2011), and 
protein-truncating variants were found in MDGA2 in 10 un- 
related ASD cases, a statistically significant association (Bucan 
et al., 2009). MDGAs are strongly expressed in basilar pons, and 
MDGA1 also shows higher expression than MDGA2 in superfi- 
cial cortical layers, hippocampus, amygdala, thalamus, olfactory 
bulb, and cerebellum (Litwack et al., 2004; Lein et al., 2007). 
Although RNAi knockdown suggested a role for MDGA1 in 
developing cortical neuron migration (Takeuchi and O'Leary, 
2006), genetic deletion revealed only a transient role with normal 
cortical lamination by 2 wks postnatal in the absence of MDGA1 
(Ishikawa et al., 201 1). MDGAs contain six extracellular immuno- 
globulin-like (Ig) domains, a fibronectin type Ill-like (FNIII) 
domain, a memprin, A5 protein, receptor protein tyrosine phos- 
phatase mu (MAM) domain, and a glycosylphosphatidylinositol 
(GPI) anchor, suggesting they participate in protein interactions. 
Binding of MDGA1 ectodomain to brain sections has been ob- 
served (Fujimura et al., 2006), but binding partners have not yet 
been reported. Several other genes with Ig and/or FNIII domains 
and linked to autism including CADM1 (Zhiling et al., 2008), 
IL1RAPL1 (Piton et al., 2008), LRFN5 (de Braijn et al., 2010), 
and PTPRD (Pinto et al., 2010) function in synaptic adhesion 
and synapse organization (Biederer et al., 2002; Mah et al., 2010; 
Valnegri et al., 2011; Yoshida et al., 2011; Takahashi et al., 
2012). Thus, we hypothesized that MDGAs might function in 
regulating synapse development. Here, we report that MDGAs 
bind to neuroligin-2, and through overexpression and knock- 
down experiments show that MDGA1 is a negative regulator 
of neuroligin-2 synaptogenic function. These results reveal 
MDGA1 as a suppressor of inhibitory synapse development 
and link MDGAs to the synaptic pathway implicated in ASDs 
and schizophrenia. 

Results 

MDGA1 and MDGAS bind neuroligin-2 

Based on the brain-specific expression of MDGAs (Litwack 
et al., 2004), the presence of cell adhesion domains, and links to 
ASDs and schizophrenia (Kahler et al., 2008; Bucan et al., 2009; 
Li et al., 201 1), we hypothesized that MDGAs may play a role in 
synaptic development. Initial tests in neuron-fibroblast co- 
culture hemi-synapse induction assays, as detailed further below, 
led us to suspect that MDGAs might interact with neuroligins. 
Because MDGAs are GPI anchored, such interaction would have 
to occur via extracellular domains. A common method to dem- 
onstrate interaction of protein extracellular domains such as 
for neurexin-neuroligin is to incubate cultured cells expressing 
neurexin with soluble recombinant neuroligin ectodomain or 
vice versa (Boucard et al., 2005; Chih et al., 2006; Siddiqui et al., 
2010). Thus, to test for binding between MDGAs and neuroligins, 
we generated soluble ectodomain fusion proteins of neuroligin- 1 



and neuroligin-2 with the human Fc (fragment crystallizable) an- 
tibody region (Nlgl-Fc and Nlg2-Fc) and assayed binding to 
COS7 cells expressing HA-tagged MDGAs. Binding of Nlg2-Fc 
was observed to cells expressing HA-MDGAl or HA-MDGA2, 
similar to cells expressing HA-neurexinlp, whereas no binding 
was observed to untransfected cells or cells expressing nonspe- 
cific control protein HA-CD4 (Fig. I A). Binding assays over a 
range of concentrations revealed saturated binding of Nlg2-Fc to 
both HA-MDGAl and HA-MDGA2 (Fig. I B). By Scatchard 
analysis, we found an apparent dissociation constant (A" d ) of 7.3 ± 
l .0 nM for Nlg2-Fc binding to HA-MDGAl and 45.9 ± 1 1 .9 nM 
for Nlg2-Fc binding to HA-MDGA2. In the same assays, the 
apparent K A for Nlg2-Fc binding to HA-neurexinlp was 8.4 ± 
l . I nM. These binding affinities are in the nanomolar range typi- 
cally observed for physiologically significant ligand-receptor in- 
teractions. Based on the lower binding affinity of Nlg2-Fc as well 
as the much lower expression in the brain (Lein et al., 2007) for 
MDGA2 compared with MDGAl, we focused on MDGAl for 
the remainder of our analysis. 

We next tested binding of neuroligin- 1 to MDGAl in the 
same way, testing the most common neuroligin- 1 variant with 
the insert at the B splice site (+B). There appeared to be Nlgl-Fc 
signal associated with HA-MDGAl -expressing cells when 
incubated with very high concentrations of Nlgl-Fc, but using 
concentrations as high as 800 nM we were unable to observe 
saturated binding (Fig. I D). The observed signal may represent 
weak interaction. Assaying binding at 200 nM, a concentration 
sufficient to readily detect binding of Nig l -Fc to H A-neurexin l p 
and of Nlg2-Fc to MDGAs, the binding signal of Nlgl-Fc was 
not significantly higher for HA-MDGAl than for the nonspe- 
cific control HA-CD4 (Fig. I, C and D). Thus, MDGAl showed 
little interaction with neuroligin- l(+B), in contrast to high affin- 
ity interaction with neuroligin-2. 

Assays for binding of neurexin- lp-Fc to cells expressing 
HA-MDGAl showed no signal compared with robust binding 
to cells expressing HA-neuroligin-2 (not depicted). Thus, MDGA l 
does not directly interact with the neuroligin-2 trans-synaptic 
partner, neurexin. 

MDGAl has six Ig domains, a FNIII domain, and a MAM 
domain (Fig. 2 A). To determine the domains responsible for 
binding to neuroligin-2, various deletion constructs were gener- 
ated to eliminate each of the first three Ig repeats individually 
(Algl, Alg2, Alg3), the first three Ig repeats together (Algl-3), 
the last three Ig repeats together (Alg4-6), the FNIII domain 
(AFNIII), the MAM domain (AMAM), and all domains except 
the first three Ig domains (Igl-3 only). These constructs were 
transfected into COS7 cells and assayed for binding of Nlg2-Fc 
(Fig. 2, B and C). Binding was abolished when any one of the first 
three Ig repeats were removed, whereas binding was preserved 
with only the first three Ig repeats present, indicating that the 
Ig repeats 1-3 are necessary and sufficient for MDGAl binding 
to neuroligin-2. 

MDGA1 inhibits induction of presynaptic 
differentiation by neuroligin-2 

To functionally characterize the interaction between MDGAl 
and neuroligin-2, we used the neuron-fibroblast co-culture assay. 
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Figure 1 . MDGAs bind to neuroligin-2 via ectodomain interactions. (A) Soluble neuroligin-2-Fc fusion protein (Nlg2-Fc) bound to COS7 cells expressing 
HA-MDGA1 , HA-MDGA2, or HA-neurexinl p, but not HA-CD4, on the cell surface. (B) By Scatchard analysis, binding affinity of Nlg2-Fc to HA-MDGA1 , 
HA-MDGA2, and HA-neurexinl p was characterized by an estimated dissociation constant (Kd) of 7.3, 45.9, and 8.4 nM, respectively (n = 20 cells 
each data point). (C) Neuroligin-1 -Fc fusion protein (Nlgl-Fc) bound clearly to COS7 cells expressing HA-neurexinl p, but not HA-MDGA1 or HA-CD4. 
(D) Incubation of Nig 1 -Fc with COS7 cells expressing HA-MDGA1 did not yield saturable binding at concentrations up to 800 nM (n = 1 0 cells each). At 
a concentration of 200 nM Nlgl-Fc, quantitation of bound Nlgl-Fc divided by surface HA and normalized to the value for HA-neurexinl p revealed little 
or no Nlgl-Fc binding to COS7 cells expressing HA-MDGA1 . ANOVA, P < 0.0001 , n = 30 cells each; *, P < 0.001 compared with HA-CD4 by post-hoc 
Bonferroni test. Data are mean ± SEM. Bars, 20 pm. 

Neuroligin-2 expressed in COS7 cells induces presynaptic dif- of postsynaptic proteins or dendrites (Scheiffele et al., 2000; 
ferentiation in contacting axons; by binding neurexins on axons. Dean et al., 2003; Craig et al., 2006). Here, we imaged clustering 
neuroligin-2 locally clusters presynaptic proteins in the absence of the presynaptic protein synapsin in axons contacting COS7 
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Figure 2. MDGA1 lgl-3 domains bind neuroligin-2. (A) Domain structure 
of MDGAl. MDGAl is composed of an N-terminal signal peptide (sp), six 
immunoglobulin domains (Ig), a fibronectin type III domain (FNIII), a mem- 
prin, A5 protein, receptor tyrosine phosphatase mu (MAM) domain, and 
a C-terminal GPI anchor. (B) Representative images from binding assays 
of Nlg2-Fc to HA-MDGA1 mutants. Nlg2-Fc bound to HA-MDGAl lacking 
the last three Ig domains (Alg4-6), but not HA-MDGAl lacking the first 
three Ig domains (Algl-3). Note that the first three Ig domains of MDGAl 
plus the GPI anchor (lgl-3 only) were sufficient for Nlg2-Fc binding. 
(C) Quantitation of Nlg2-Fc bound to HA-MDGAl mutants, divided by sur- 
face HA and normalized to the value for HA-MDGAl . The membrane-asso- 
ciated lgl-3 domains were necessary and sufficient for binding of Nlg2-Fc. 
ANOVA, P < 0.0001, n > 45 cells each; *, P < 0.001 compared with 
HA-CD4 by post-hoc Bonferroni test. Data are mean ± SEM. Bar, 20 urn. 



cells transfected for CFP-neuroligin-2 and HA-MDGAl (where 
different COS7 cells express different ratios of the transfected 
constructs). Synapsin clustering in axons contacting COS7 cells 
coexpressing HA-MDGAl with CFP-neuroligin-2 appeared 
greatly diminished compared with COS7 cells expressing CFP- 
neuroligin-2 alone (Fig. 3 A). Quantitatively, coexpression of 
HA-MDGAl with CFP-neuroligin-2 significantly reduced 
synapsin clustering in axons contacting transfected COS7 
cells compared with coexpression of control protein HA-CD4 
(Fig. 3, B and C). HA-MDGAl also reduced the total level of 
CFP-neuroligin-2 (Fig. 3 D). When analysis was limited to cells 
with equivalent levels of CFP-neuroligin-2, HA-MDGAl in 
comparison to HA-CD4 control still suppressed the presynaptic 
inducing activity of neuroligin-2 (Fig. 3 E). We performed 
another co-culture experiment to assess specifically inhibitory 
presynaptic differentiation and axon contact. Coexpression of 
HA-MDGAl or HA-CD4 control resulted in equivalent contact 
area of tau-positive axons with COS7 cells expressing CFP- 
neuroligin-2 (Fig. 3 F and Fig. S 1 A). However, coexpression of 
HA-MDGAl with CFP-neuroligin-2 reduced clustering of the 
inhibitory presynaptic vesicular GABA transporter VGAT in 
axons contacting the transfected COS7 cells compared with 
coexpression of HA-CD4, both for the entire dataset and for the 
subset selected for equivalent CFP-neuroligin-2 levels (Fig. SI). 
Thus, the major mechanism by which MDGAl suppresses in- 
hibitory synapse development appears to be independent of the 
extent of axon contact and level of neuroligin-2, at least in co- 
culture. In a similar co-culture assay, coexpression of HA-MDGA 1 
or HA-CD4 control with CFP-neuroligin-l(+B) resulted in equiv- 
alent synapsin clustering and CFP-neuroligin- 1 level (Fig. 3, 
B and H; and unpublished data). Thus, MDGAl selectively in- 
hibits the synaptogenic activity of neuroligin-2. 

To determine which domains of MDGAl are important for 
the inhibition of neuroligin-2 synaptogenic activity, we performed 
similar co-culture experiments coexpressing CFP-neuroligin-2 
with various HA-MDGAl deletion constructs. Deletion of the first 
three Ig domains together or individually from MDGAl restored 
full presynaptic induction activity for neuroligin-2 (Fig. 4, A and C), 
whereas coexpressing the lgl-3 only construct was sufficient to 
suppress neuroligin-2 to the same extent as full-length MDGAl 
(Fig. 4, B and C). The last three Ig domains, FNIII domain, and 
MAM domain were not required for MDGAl to suppress neuroli- 
gin-2 activity in co-culture (Fig. 4 C). These results indicate that 
the lgl-3 domains, which are necessary and sufficient for binding 
to neuroligin-2, are also necessary and sufficient to suppress the 
synapse-promoting activity of neuroligin-2 in co-culture. 

MDGA1 inhibits binding of neurexin 
to neuroligin-2 

Because neuroligins induce presynaptic differentiation by binding 
to neurexins on axons (Scheiffele et al., 2000; Dean et al, 2003), 
we hypothesized that perhaps MDGAl blocks the interaction of 
neuroligin-2 with neurexins. To test this idea, we used another 
variation of the cell-based protein-binding assay. COS7 cells 
were cotransfected for CFP-neuroligin-2 and HA-MDGAl, then 
incubated with soluble neurexin lp ectodomain fusion protein 
(Nrxnl p-Fc). In cells expressing only CFP-neuroligin-2, strong 
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Figure 3. MDGA1 inhibits the synaptogenic activity of neuroligin-2. (A) COS7 cells were cotransfected with CFP-neuroligin-2 (CFP-Nlg2) and 
HA-MDGA1, then co-cultured with hippocampal neurons. COS7 cells expressing only CFP-Nlg2 (e.g., COS7 cell on right) induced robust clustering of 
synapsin in contacting axons, whereas COS7 cells coexpressing HA-MDGA1 with CFP-Nlg2 (e.g., COS7 cell on left) showed diminished synapsin clustering. 
(B) Robust synapsin clustering was detected in axons contacting COS7 cells coexpressing HA-CD4 with CFP-Nlg2 (top) or coexpressing HA-MDGA1 with 
CFP-neuroligin-1 (CFP-Nlgl , bottom). (C) Quantitation of total integrated intensity of synapsin immunofluorescence not associated with MAP2 and associ- 
ated with COS7 cells coexpressing HA-CD4 or HA-MDGA1 with CFP-Nlg2, divided by COS7 cell area and normalized to the value for HA-CD4. f test; 
*, P < 0.0001, n = 20 cells each. (D) Quantitation of total fluorescent intensity of CFP-Nlg2 on the COS7 cells used for C. f test; *, P < 0.0001, n = 20 
cells each. (E) Comparison of total integrated synapsin intensity of selected COS7 cells expressing HA-MDGA1 or HA-CD4 with similar total CFP-Nlg2 
expression level (n = 13 cells each, red symbols), f test; *, P < 0.0001 . Full datasets from C and D are shown for comparison (blue symbols). (F) Quantita- 
tion of tau-positive axon contact area on COS7 cells coexpressing HA-CD4 or HA-MDGA1 with CFP-Nlg2, divided by COS7 cell area, t test, P = 0.67, 
n = 20 cells each. (G) Quantitation of total integrated intensity of VGAT immunofluorescence not associated with MAP2 and associated with COS7 cells 
coexpressing HA-CD4 or HA-MDGA1 with CFP-Nlg2, divided by tau-positive axon contact area and normalized to the value for HA-CD4. f test; *, P < 
0.0001 , n = 20 cells each. (H) Quantitation of total integrated intensity of synapsin immunofluorescence not associated with MAP2 and associated with 
COS7 cells coexpressing HA-CD4 or HA-MDGA1 with CFP-Nlgl, divided by COS7 cell area and normalized to the value for HA-CD4. f test, P = 0.78, n = 
20 cells each. Data are mean ± SEM. Bars, 20 urn. 
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Figure 4. MDGA1 lgl-3 domains suppress 
neuroligin-2 synaptogenic activity. (A and B) 

Co-expression of HA-MDGA1 lgl-3 only (B), 
but not HA-MDGA1 Algl-3 (A), diminished 
CFP-neuroligin-2 (CFP-Nlg2)-induced synap- 
sin clustering. (C) Quantitation of the effect 
of MDGA1 mutants on CFP-Nlg2-induced 
synapsin clustering in the co-culture assay. 
Data are expressed as a percentage of COS7 
cells coexpressing the indicated construct with 
CFP-Nlg2 that exhibited synapsin clustering in 
MAP2-negative contacting neurites. The mem- 
brane-anchored lgl-3 domains of MDGA1 
were necessary and sufficient for inhibiting 
the activity of neuroligin-2 to induce synapsin 
clustering. ANOVA, P < 0.0001 , n > 3 experi- 
ments counting >100 cells each; *, P < 0.01 
compared with HA-CD4 by post-hoc Bonfer- 
roni test. Data are mean ± SEM. Bars, 20 urn. 
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binding of Nrxnl p-Fc was observed as expected, but in cells 
expressing both CFP-neuroligin-2 and HA-MDGA1, binding 
of Nrxnl P-Fc was markedly reduced (Fig. 5 A). Quantitatively, 
coexpression of HA-MDGA1 compared with HA-CD4 control 
significantly reduced binding of Nrxnl p-Fc to cells expressing 
CFP-neuroligin-2, expressed as Nrxnl P-Fc bound per total CFP- 
neurolign-2 or per surface CFP-neuroligin-2 (Fig. 5, B and C). In 
these experiments, as expected from Fig. 3, cells coexpressing 
MDGA1 compared with CD4 showed a lower average expres- 
sion level for CFP-neuroligin-2, but when cells with equivalent 
surface CFP-neuroligin-2 level were compared, a robust effect 
of MDGA on Nrxnl p-Fc binding was still observed (Fig. 5 D). 

As an independent method of assessing the effect of 
MDGA1 on neurexin-neuroligin interaction, we used a plate- 
binding ELISA assay with purified recombinant fusion pro- 
teins of each of the three ectodomains. An alkaline phosphatase 
(AP) fusion protein of the ectodomain of neurexin 1 p, Nrxnl p- 
AP, was immobilized on plates and incubated with Nlg2-Fc 
together with either MDGA1-AP or control AP. MDGA1-AP 
compared with control AP significantly reduced binding of 
Nlg2-Fc to the immobilized Nrxnl P (Fig. 5 E). Thus, MDGA1 
directly reduces interaction of the neuroligin-2 ectodomain 
with the neurexin ip ectodomain. 



MDGA1 does not affect surface trafficking 
of neuroligin-2 

To assess whether MDGAl alters surface trafficking of 
neuroligin-2, we used both imaging and surface biotinylation 
approaches. By the imaging method, cells coexpressing HA- 
MDGAl or control HA-CD4 showed equivalent surface traf- 
ficking of CFP-neuroligin-2 measured as the intensity ratio 
of surface anti-GFP antibody signal to total CFP-neuroligin-2 
signal (Fig. 6, A and B). By the biochemical method, cells 
coexpressing YFP-MDGAl or control YFP-CD4 showed equiva- 
lent surface-biotinylated fractions of HA-neuroligin-2 (Fig. 6, 
C and D). These data indicate that MDGAl does not interfere 
with surface trafficking of neuroligin-2, supporting the idea that 
it inhibits binding of neuroligin-2 to its partner neurexin in some 
direct way on the cell surface. 

Recombinant MDGAl and neuroligin-2 
interact in cis on dendrites 

We attempted to determine the subcellular localization of native 
MDGAl but were unable to do so due to lack of a suitable anti- 
body. Recombinant YFP-MDGAl expressed at low level in 
cultured neurons trafficked to the surface of dendrites and axons 
(Fig. S2 A). Within dendrites, some clusters of YFP-MDGAl 
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Figure 5. MDGA1 inhibits the binding of neurexinl (3 to neuroligin-2. (A) COS7 cells were transfected with CFP-neuroligin-2 (CFP-Nlg2) and HA-MDGA1 . 
Soluble neurexinl p-Fc fusion protein (Nrxnl p-Fc) bound to cells expressing only CFP-Nlg2 (cells in top right of image), but did not bind to cells coexpress- 
ing HA-MDGA1 with CFP-Nlg2 (cells in bottom left of image). (B-D) Quantitation of Nrxnl p-Fc bound to COS7 cells expressing the indicated constructs, 
divided by total CFP-Nlg2 (B) or by surface CFP-Nlg2 (C and D) and normalized to the value for HA-CD4. HA-MDGA1 compared with HA-CD4 reduced the 
total and surface levels of CFP-Nlg2, so a subset of cells selected for equal surface expression of CFP-Nlg2 was also compared (red in D; the full dataset is 
shown for comparison in blue), f test; **, P < 0.0001 , n = 20-30 cells each. (E) Purified neurexinl p-AP (alkaline phosphatase) fusion protein immobilized 
on plates was incubated with purified Nlg2-Fc together with either MDGA1-AP or AP control. Bound Nlg2-Fc measured by ELISA was reduced in the pres- 
ence of MDGA1-AP. / test; *, P < 0.005, n = 3. 



were observed colocalizing with gephyrin at inhibitory postsyn- 
aptic sites, some with PSD-95 at excitatory postsynaptic sites, 
and some were extrasynaptic (Fig. S2 B). Thus, it seems likely 
that MDGA1 may partially concentrate at inhibitory postsynap- 
tic sites but also be distributed elsewhere in neurons. 

To assess whether neuroligin-2 and MDGA1 can inter- 
act in dendrites, we artificially induced aggregation of HA- 
neuroligin-2 on the dendrite surface by live-cell incubation 
with multivalent anti-HA antibody complexes and assessed 
whether YFP-MDG A 1 was recruited. Indeed, YFP-MDGA1, 



but not control protein YFP-CD4, showed robust co-aggregation 
with HA-neuroligin-2 at induced nonsynaptic clusters (Fig. 7). 
Thus, MDGA1 and neuroligin-2 can interact in cis on the 
dendrite surface. 

□verexpression of MDGA 1 decreases 
inhibitory synapse density 

Next, we tested the effects of MDGA1 overexpression in cul- 
tured hippocampal neurons (DIV 9— >DIV 14; Fig. 8, A and B). 
Overexpression of HA-MDGA1 significantly reduced inhibitory 
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Figure 6. MDGA1 does not alter surface traf- 
ficking of neuroligin-2. (A) COS7 cells were 
transfected with CFP-neuroligin-2 (CFP-Nlg2) and 
either HA-MDGA1 or control HA-CD4. Surface 
trafficking of CFP-Nlg2 was visualized by incubat- 
ing intact cells with anti-GFP antibodies (which rec- 
ognize CFP). Ratio of surface to total CFP-Nlg2 did 
not appear affected by MDGA1 . (B) Quantitation 
of surface trafficking of CFP-Nlg2 on COS7 cells 
coexpressing HA-MDGA1 or HA-CD4, assessed as 
intensity ratio of surface anti-GFP antibody signal 
to CFP signal, f test, P = 0.63, n = 20 cells each. 
(C) HEK293T cells were transfected to express the 
indicated constructs and surface proteins were bi- 
otinylated and isolated. Immunoblotting of surface- 
biotinylated proteins in comparison with whole-cell 
lysates revealed equivalent surface trafficking of 
HA-neuroligin-2 (HA-Nlg2) in the presence of YFP- 
tagged MDGA1 or CD4. (D) Quantitation of the 
ratio of surface-biotinylated to total HA-Nlg2 in cells 
coexpressing YFP-MDGA1 or YFP-CD4. / test, P = 
0.92, n = 4. Data are mean ± SEM. Bar, 10 urn. 
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synapse density assessed by vesicular GABA transporter 
VGAT, gephyrin, and VGAT-positive gephyrin clusters com- 
pared with neighbor nontransfected neurons (Fig. 8, C-E). 
There was no significant difference in inhibitory synapse markers 
when the Algl-3 MDGA1 construct was overexpressed, 
suggesting that binding to neuroligin is needed to mediate the 
decrease in inhibitory synapses. Furthermore, coexpression of 
neuroligin-2-CFP significantly rescued VGAT clustering, but 
not gephyrin clustering, in neurons expressing HA-MDGA1 
(Fig. S3). The partial nature of the rescue in this dual over- 
expression experiment may be due to an elevated ratio of 
neuroligin-2 to gephyrin, neurexins, and other native synaptic 
partners, which may disrupt postsynaptic assembly by altering 
the necessary stoichiometry of interactions. We also examined 
the number of excitatory synapses assessed by vesicular gluta- 
mate transporter VGlutl -positive PSD-95 clusters, but found 
no significant difference when overexpressing either wild-type 
or Algl-3 HA-MDGA1 compared with nontransfected neigh- 
bors (Fig. 8, A, B, and F). Overexpression of MDGA1 also had 
no effect on dendritic arborization (Fig. S4). Thus, MDGA1 
overexpressed in cultured hippocampal neurons reduces inhibi- 
tory but not excitatory synapse density. 



Knockdown of MDGA1 increases inhibitory 
synapse density 

Based on the above results, we hypothesized that endoge- 
nous MDGAl may bind neurolign-2 on dendrites, blocking 
neuroligin-2 interaction with neurexin and limiting inhibitory 
synapse development. In this case, reducing levels of endog- 
enous MDGAl in cultured hippocampal neurons should result 
in increased inhibitory synapse development. To test this hy- 
pothesis, we designed a short-hairpin RNA (shRNA) construct 
to knock down MDGAl. Efficacy and specificity of sh-MDGAl 
to knock down HA-MDGAl but not HA-MDGA2 or an RNAi- 
resistant HA-MDGAl* with silent mutations was shown in 
Western blots with cotransfected HEK cells and cultured corti- 
cal neurons (Fig. 9 A). Knockdown of MDGAl in cultured 
hippocampal neurons significantly increased the number of in- 
hibitory synapses assessed by VGAT-positive gephyrin clusters 
compared with a control shRNA (sh-con; Fig. 9, B and D). 
A greater effect was observed on VGAT than on gephyrin 
(Fig. 9, E and F). The increase in clustering of inhibitory synap- 
tic markers by MDGAl knockdown was rescued back to con- 
trol level by coexpression of HA-MDGAl*. In this rescue 
experiment, HA-MDGAl* was expressed at a low level that had 
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Figure 7. MDGA1 and neuroligin-2 can inter- 
Fix neurons act in cis on dendrites. Cultured hippocampal 
I neurons were transfected with HA-neuroligin-2 

and YFP-MDGAl or YFP-CD4 control. (A] Live 
neurons were incubated with rat anti-HA an- 
tibody and then Alexa 568-conjugated goat 
anti-rat antibody to induce surface patching 
of HA-neuroligin-2, incubated another 16 h, 
fixed, and imaged. YFP-MDGAl (B) but not 
control protein YFP-CD4 (C) co-aggregated 
with HA-neuroligin-2 at nonsynaptic clusters 
(lacking apposed synapsin). Bars: (whole cell) 
20 urn; (enlarged dendrite regions) 5 pm. 
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no effect on inhibitory synapse density in control cells (VGAT- 
positive gephyrin cluster density was 0.189 ± 0.014 per um in 
cells expressing sh-con alone and 0.182 ± 0.016 per um in cells 
expressing sh-con plus HA-MDGA1*; t test, P = 0.789, n = 30 
cells). Knockdown of MDGA1 had no effect on the number of 
excitatory synapses assessed by VGlutl -positive PSD-95 clus- 
ters (Fig. 9, C and G). Knockdown of MDGA1 also had no effect 
on dendritic arborization (Fig. S5). These data suggest that endog- 
enous MDGA1 functions to keep inhibitory synapses in check, 
maintaining inhibitory synapse density at submaximal level. 

Discussion 

We report here physical and functional interaction between the 
products of two gene families independently implicated in 
ASDs and schizophrenia, MDGAs and NLGNs. Two major find- 
ings of this study are: (1) identification of MDGA1 as a negative 
regulator of inhibitory synapse development, and (2) placement 
of MDGAs in the neurexin-neuroligin synaptic pathway in which 
rare mutations contribute to neurodevelopmental disorders. 
A model of how MDGA1 may suppress inhibitory synapse 
development is presented in Fig. 10. 

Based on these results, MDGA1 is one of very few identi- 
fied negative regulators of synapse development, in contrast to 
numerous well-studied positive regulators. Other locally acting 
negative regulators have been best characterized in C. elegans. 
For example, a Wnt-Frizzled pathway in motor neurons restricts 



the sites of neuromuscular synapse development (Klassen and 
Shen, 2007), and the coiled-coil domain protein regulator of 
synaptogenesis- 1 , RSY-1, binds and inhibits SYD-2/liprin-a 
from promoting presynaptic assembly (Patel and Shen, 2009). 
In mammalian neurons, the transcription factor MEF2, the gua- 
nine nucleotide exchange factor Ephexin5, and the cell surface 
Nogo receptors act through signaling pathways in the postsyn- 
aptic cell to negatively regulate the number of excitatory syn- 
apses (Flavell et al., 2006; Margolis et al., 2010; Wills et al., 
2012). MDGA1 appears distinct in that it selectively suppresses 
the number of inhibitory synapses and it acts locally in den- 
drites by directly binding and inhibiting function of the synap- 
togenic protein neuroligin-2. 

Mechanistically, MDGA1 coexpressed with neuroligin-2 
inhibited binding of neurexin ectodomain to the neuroligin 
(Fig. 5, A-D). MDGA1 did not alter the cell surface trafficking 
of neuroligin-2 (Fig. 6), but did reduce total and surface levels 
of neuroligin-2 (Figs. 3 and 5). MDGA1 may act in part by re- 
ducing neuroligin-2 levels. Yet, when cells with similar levels 
of neuroligin-2 were compared, robust suppression of synapto- 
genic activity and neurexin binding were still observed (Figs. 3, 
5, and SI). Furthermore, in abinding assay involving only purified 
ectodomains, the ectodomain of MDGA1 inhibited interaction 
of neuroligin-2 and neurexin ectodomains (Fig. 5 E). Thus, the 
simplest potential mechanism is direct steric hindrance; 
MDGA1 binding to neuroligin-2 on the cell surface may block 
the binding site for neurexin. The similar apparent K A of Nlg2-Fc 
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Figure 8. MDGA1 overexpression reduces inhibitory synapse density. Cultured hippocampal neurons were transfected at 8-9 DIV with HA-MDGAl or 
Algl-3 as a negative control, and then immunostained for indicated synaptic markers and HA tag at 14 DIV. (A] Neurons expressing HA-MDGAl (top) 
showed an apparent reduction in inputs with inhibitory presynaptic marker VGAT compared with neighboring untransfected neurons or neurons express- 
ing Algl-3 (middle). Neurons expressing HA-MDGAl appeared to have normal inputs with excitatory presynaptic marker VGIutI (bottom). (B) Clusters of 
VGAT and gephyrin were hardly detected along dendrites expressing HA-MDGAl (pink, top), whereas such clusters were more readily detected along 
nontransfected neighboring dendrites (blue, top) or dendrites expressing Algl-3 (pink, middle). Clusters of VGIutI and PSD-95 along dendrites expressing 
HA-MDGAl (pink, bottom) appeared comparable to those along nontransfected neighboring dendrites (blue, bottom). (C-F) Quantitation of number of 
clusters per dendrite length for VGAT (C), gephyrin (D), VGAT-positive gephyrin (marking inhibitory synapses, E), and VGIutI -positive PSD95 (marking 
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for cell-expressed MDGA1 and neurexin- 1 3 (7.3 ±1.0 nM 
and 8.4 ±1.1 nM, respectively; Fig. 1) and potent inhibition of 
neuroligin-2 synaptogenic activity in co-culture (Fig. 3) suggest 
that MDGA1 may be a powerful inhibitor of neuroligin-2- 
neurexin interaction and function. Interestingly, only the first 
three Ig domains plus the GPI membrane anchor of MDGA 1 
were sufficient to bind Nlg2-Fc and to inhibit neuroligin-2 syn- 
aptogenic activity, and all three Ig domains were necessary 
(Figs. 2 and 4). It is possible that other domains of MDGA may 
interact with other partners, and indeed the MAM domain can 
interact with axon-rich brain regions (Fujimura et al., 2006). 

MDGA1 and neuroligin-2 can interact in cis on dendrites 
(Fig. 7), and both overexpression and knockdown studies in cul- 
tured hippocampal neurons (Figs. 8 and 9) suggest that a major 
function of MDGA1 is to suppress inhibitory synapse develop- 
ment in dendrites. Although neurexins, the previously identified 
extracellular binding partner of neuroligins, are also suggested 
to function as negative regulators in dendrites (Taniguchi et al., 
2007), their major function is in axons to promote synapse de- 
velopment (Dean et al., 2003; Missler et al., 2003; Siddiqui and 
Craig, 2011; Krueger et al., 2012). Considering the presence of 
recombinant MDGA1 on the axon surface (Fig. S2 A), the pos- 
sibility remains open that MDGAs may also function in axons 
to promote synapse development. It will be important to test 
MDGA1 and MDGA2 localization and function in multiple 
circuits in vivo. 

The role of MDGA 1 to suppress inhibitory synapse devel- 
opment may be explained by its high affinity binding to neuroli- 
gin-2 and interference of neuroligin-2 interaction with neurexin. 
The increase in VGAT clustering with knockdown of MDGA1 
(Fig. 9) is similar to effects of overexpressing neuroligin-2 
(Chih et al., 2005; Levinson et al., 2005). In contrast, we could 
not observe high affinity interaction of MDGA 1 with neuroligin-1 
(Fig. 1), consistent with the lack of any major effect of MDGA 1 
overexpression or knockdown on excitatory synapses (Figs. 8 
and 9). However, the partial localization of recombinant MDGA1 
to excitatory postsynaptic sites (Fig. S2) and trend toward re- 
duced excitatory synapses with overexpression of MDGA 1 (Fig. 8) 
leave open the possibility that MDGA1 may have a function at ex- 
citatory synapses under some conditions. MDGA1 may interact 
weakly with neuroligin-1 and/or with neuroligin-3 or neuroli- 
gin-4, whose roles are not so well understood. Neuroligin-3 
forms complexes in brain with neuroligin-1 and with neuroli- 
gin-2 and was localized to both excitatory and inhibitory syn- 
apses (Budreck and Scheiffele, 2007). Neuroligin-4 was mainly 
found at inhibitory glycinergic synapses in retina, brainstem, 
and spinal cord, but not at GABAergic synapses in brain (Hoon 
et al., 2011). However, all neuroligins have the capacity to in- 
teract with the excitatory postsynaptic scaffold PSD-95 (Irie 
et al., 1997) and the inhibitory postsynaptic scaffold gephyrin 
(Poulopoulos et al., 2009), and altering ratios of PSD-95 to neu- 
roligins can alter the balance between excitatory and inhibitory 



synapses (Prange et al., 2004). Thus, MDGA1 may have complex 
effects by inhibiting interaction of neuroligin-2 with neurexin, 
altering the stoichiometry of interaction among neuroligins, 
neurexins, and other neurexin partners. 

Although it is currently difficult to predict how the in- 
tronic single nucleotide polymorphisms in MDGA1 linked 
to schizophrenia (Kahler et al., 2008; Li et al., 2011) affect 
protein expression, the exonic deletions in MDGA2 associ- 
ated with ASDs would clearly alter protein structure (Bucan 
et al., 2009). In four cases, only a very short protein trun- 
cated before or in the first Ig domain would be produced 
and in another four cases, a longer protein truncated before 
or in the MAM domain would be produced (Bucan et al., 
2009). Importantly, all of these deletions would remove the 
GPI membrane anchor, which we predict would be essential 
to mediate MDGA interaction with neuroligin on the den- 
dritic membrane. 

Loss of one allele of MDGA might be mimicked by our 
MDGA1 knockdown, which here resulted in an increase in 
inhibitory synapse density. Overexpression of neuroligin-2 in 
transgenic mice also results in increased inhibitory but not ex- 
citatory synapse density in frontal cortex, stereotyped behav- 
iors, and impaired social interactions resembling some aspects 
of ASDs (Hines et al., 2008). Another mouse model of autism, 
neuroligin-3 R451C knock-in, also exhibits a selective increase 
in spontaneous inhibitory but not excitatory synaptic transmis- 
sion in cortex and impaired social interactions (Tabuchi et al., 
2007). Exonic deletions or deleterious point mutations in genes 
encoding excitatory postsynaptic scaffold proteins and dendritic 
spine signaling components are also implicated in ASDs, and 
cell culture and animal models exhibit decreases in aspects of 
glutamatergic synaptic signaling (Penzes et al., 201 1; Pe§a and 
Feng, 2012). However, not all genetic studies or animal models 
of nonsyndromic autism support a simple mechanism of in- 
creased inhibition or reduced excitation. There is a high incidence 
of epilepsy with ASDs (Rubenstein and Merzenich, 2003), and 
even the neuroligin-3 R451C knock-in mice that exhibit in- 
creased inhibitory transmission in cortex exhibit increased ex- 
citatory transmission in hippocampus (Etherton et al., 201 1). It 
may be that, as in mutations contributing to syndromic autism 
by altering metabotropic glutamate receptor-mediated protein 
synthesis (Auerbach et al., 201 1), deviations in either direction 
from the optimal range of inhibition and excitation may contrib- 
ute to ASDs. 

The discovery here that MDGAs interact directly with 
neuroligins and thus form part of the neurexin-neuroligin syn- 
aptic pathway implicated in autism and other neurodevelopmen- 
tal disorders may help us to better understand the basis of these 
disorders. The unique function of MDGA 1 as a local suppressor 
of inhibitory synapse development might be exploited toward 
alleviating multiple disorders involving reduced or enhanced 
synaptic inhibition. 



excitatory synapses, F) in neurons overexpressing HA-MDGA1 or negative control Alg 1 -3. Data are normalized by the value for nontransfected neighboring 
neurons (gray). ANOVA, P < 0.0001 for C-E and P = 0.03 for F; n = 30 cells each; *, P < 0.001 in post-hoc Bonferroni test (P > 0.05 in post-hoc Bonfer- 
roni test for PSD-95 with VGIutl for HA-MDGA1 compared with nontransfected neighbors). Data are mean ± SEM. Bars: (A) 30 urn; (B) 10 urn. 
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Figure 1 0. Model of how MDGA1 may suppress inhibitory synapse development. Data presented here indicate that MDGA1 binds neuroligin-2 and inhib- 
its its interaction with neurexin, without altering surface trafficking of neuroligin-2. Thus, we propose that high levels of MDGA1 in neurons may suppress 
inhibitory synapse formation or destabilize inhibitory synapses, resulting in a net reduction in inhibitory synapse density. 



Materials and methods 

DNA constructs 

The cDNA encoding full-length rat MDGA1 was amplified from a rat 
brain cDNA library (Linhoff et al., 2009). The plasmids for extracellular 
HA-tagged rat MDGA1 (HA-MDGA1) and HA-tagged mouse MDGA2 
(HA-MDGA2) were made by subcloning the mature coding regions of 
MDGA1 (amino acids [aa] 19-956) and MDGA2 (aa 26-956) into the 
spHA-Cl vector, a modified EYFP-C1 that expresses HA instead of YFP 
with an N-terminal signal sequence derived from TrkC cDNA (Takahashi 
et al., 2011). The plasmid for extracellular YFP-tagged MDGA1 (YFP- 
MDGA1 ) was made by subcloning the mature coding region of MDGA1 
(aa 1 9-956) into the spYFP-C 1 vector, a modified EYFP-C 1 that expresses 
YFP with an N-terminal signal sequence derived from the NMDA receptor 
NR2B cDNA (Takahashi et al., 201 1). The following HA-MDGA1 dele- 
tion constructs were made by inverse PCR: Algl (aa 24-123 deleted), 
Alg2 (aa 1 32-230 deleted), Alg3 (aa 240-323 deleted), Algl -3 (aa 24- 
323 deleted), Alg4-6 (aa 338-632 deleted), AMAM (aa 752-919 de- 
leted), AFNIII (aa 641-740 deleted), and lgl-3 only (aa 338-919 
deleted). For overexpression, HA-MDGA1 and lgl-3 only were sub- 
cloned into pCAG-EGFP vector with the CAG promoter. The plasmids for 
Nig 1 -Fc and Nlg2-Fc were made by subcloning the extracellular regions 
of neuroligin-1 (aa 52-698) and neuroligin-2 (aa 15-676) between the 
neurexin 1(3 signal sequence and the human IgG Fc cDNA in the vector 
pc4-sp-Fc modified from pcDNA4 (Takahashi et al., 201 1). The plasmid 
for expressing chicken MDGA1-AP contains the mature coding region of 
chicken MDGA1 (aa 16-918) in vector APtag5 (Fujimura et al., 2006). 
For RNA interference knockdown by plasmid-based short-hairpin RNA 
(sh-RNA), the oligonucleotides that target nucleotides 1027-1045 of rat 
MDGA1 (5'-GCATCCCTGACAAGTCTAT-3') were subcloned into Len- 
Lox3.7 variant pLL(syn)CFP to express CFP and sh-MDGAl under the syn- 
apsin promoter and U6 promoter, respectively. We used sh-MORB 
(5 '-GATGGTGGCAGTACCAGTG-3 ') as a control sh-RNA (sh-con), which 
has no effects on neuronal morphology, including the densities of excit- 
atory and inhibitory synapses and dendritic spines (Takahashi et al., 201 1, 
201 2). The MDGA1 * construct resistant to sh-MDGAl was generated by the 



following underlined point mutations: 5 '-GCATACCGGATAA AAG TAT-3 ' . 
The plasmids encoding HA-CD4 and YFP-CD4 were made by subcloning 
the mature form of CD4 (aa 27-458) into spHA-Cl and spYFP-Cl, respec- 
tively. The plasmid for extracellular CFP-tagged neuroligin-1 (CFP-NLG1) 
was made by replacing HA with CFP in HA-NLG1, a pcDNA3 vector 
encoding mouse neuroligin-1 with the HA tag between aa 47 and 48 
(Graf et al., 2004). The plasmid for extracellular HA-tagged mouse 
neuroligin-2 (HA-NLG2) contains the signal sequence of mouse neuroligin-1 
(aa 1-47) followed by the HA tag and then the mature form of mouse 
neuroligin-2 (aa 14-836) in pcDNA3. The plasmid for extracellular CFP- 
tagged neuroligin-2 (CFP-NLG2) was made by replacing HA with CFP in 
HA-NLG2 (Grafet al., 2004). The plasmid encoding Nrxl (J(+S4)-Fc contains 
the ectodomain of mouse neurexin 1 p(+S4) (aa 1-292) followed by 
the human IgG Fc cDNA in pcDNA3 (Graf et al., 2006). The plasmid for 
HA-neurexin 1 p( — S4) contains the N-terminal aa 1-262 from mouse 
neurexin 1 p fused to the C-terminal sequence for rat neurexin 1 p and has 
an HA tag inserted after the signal sequence. All new constructs were 
verified by DNA sequencing. 

Antibodies 

The following rabbit polyclonal primary antibodies were used: anti-synapsin 
(1:2,000, AB1543P; EMD Millipore), anti-VGIutl (1:2,000, 135 303; 
Synaptic Systems), anti-VGAT (1:1 ,000, 1 3 1 003; Synaptic Systems), and 
anti-GFP (1:500, Al 1 122; Invitrogen). The following mouse monoclonal 
primary antibodies were used: anti-PSD-95 family (1:500, lgG2a, 6G6- 
1C9; Thermo Fisher Scientific), anti-gephyrin (1:500, IgG 1 , mAb7a; Syn- 
aptic Systems), andanti-HA (1 : 1,000, lgG2b, 12CA5; Roche). Ratanti-HA 
(1:1 ,000, 3F1 0; Roche) was also used. For labeling dendrites and axons, 
chicken polyclonal anti-MAP2 (1 :4,000, IgY, ab5392; Abeam) and mouse 
monoclonal anti-Tau-1 (1:2,000, lgG2a, clone PC1C6; EMD Millipore; 
recognizes dephosphorylated tau) were used, respectively. For secondary 
antibodies, we used highly cross-adsorbed, Alexa dye-conjugated goat 
antibodies toward the appropriate species and monoclonal isotype (1 :500, 
Alexa 488, 568, and 647; Invitrogen) and AMCA-conjugated donkey 
anti-chicken IgY (1 :200, 703-1 55-1 55; Jackson ImmunoResearch Labora- 
tories, Inc.). 



Figure 9. MDGA1 knockdown increases inhibitory synapse density. Cultured hippocampal neurons were transfected at 8-9 DIV with a vector coexpress- 
ing CFP and a short-hairpin RNA (shRNA) construct corresponding to control shRNA (sh-con) or sh-RNA effective to knock down MDGA1 (sh-MDGAl). 
Neurons were analyzed at 14 DIV. (A) For shRNA validation, cotransfection of sh-MDGAl but not sh-con reduced expression of HA-MDGA1 but not 
the RNAi-resistant form HA-MDGA1 * in HEK cells (left gel). Neither sh-con nor sh-MDGAl reduced expression of HA-MDGA2 in cotransfected HEK cells 
(middle gel). Knockdown of MDGA1 was also confirmed in cotransfected cortical cultured neurons (ctx culture, right gel). (B and C) In cultured neurons, 
MDGA1 knockdown appeared to increase the number of VGAT and gephyrin clusters along dendrites (B) but to have no effect on VGIutl and PSD-95 (C). 
Co-expression of RNAi-resistant HA-MDGA1 * with sh-MDGAl appeared to normalize clustering of VGAT and gephyrin (B, right column). (D-G) Quantita- 
tion of cluster density for VGAT-positive gephyrin marking inhibitory synapses (D), VGAT (E), and gephyrin (F) individually, and VGIutl-positive PSD-95 
marking excitatory synapses (G). MDGA1 knockdown selectively increased inhibitory synapse density, with a greater effect on VGAT than on gephyrin. 
This effect was completely rescued by coexpression of MDGA1 *. ANOVA, P < 0.0001 for D, P = 0.001 3 for E, P = 0.0056 for F, and P = 0.48 for G; n > 
40 cells each; *, P < 0.05; **, P < 0.01 compared with sh-con in post-hoc Bonferroni test (P > 0.05 in post-hoc Bonferroni test for gephyrin for sh-MDGAl 
compared with sh-con). Data are mean ± SEM. Bars, 10 urn. 
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Cell culture, transfection, and immunocytochemistry 

Animal care protocols were approved by the University of British Columbia 
Animal Care Centre. Cultures of hippocampal neurons, COS7 cells, 
HEK293T cells, neuron-fibroblast co-cultures, transfection, and immuno- 
cytochemistry were performed essentially as described previously (Graf 
et al., 2004, 2006; Takahashi et al., 2012). In brief, hippocampal neurons 
from El 8 rat embryos were cultured at low density on poly-L-lysine-coated 
glass coverslips inverted over a feeder layer of astrocytes in neurobasal 
medium (Gibco) supplemented with B27 supplement (Gibco). COS7 and 
HEK293T cells were cultured in DMEM-H supplemented with 1 0% fetal bo- 
vine serum. For neuron-fibroblast co-culture assays, COS7 cells were trans- 
fected using TranslT-LTl transfection reagent (Mirus] and harvested by 
trypsinization at 24 h after transfection. Neuron coverslips were flipped into a 
1 2-well plate with conditioned media, and transfected COS7 cells were 
seeded onto the neuronal growth surface. After 1 h, the coverslips were trans- 
ferred back into their glial feeder dish. After 1 d of co-culture, the cells were 
fixed for immunostaining. We used the ProFection Mammalian Transfection 
System (Promega) for most neuronal transfections, but used the AMAXA nu- 
cleofector system (Lonza) for sh-RNA validation in cortical neurons. For immuno- 
cytochemistry, cells were fixed with parafix solution (4% paraformaldehyde 
and 4% sucrose in PBS, pH 7.4] for 1 5 min followed by permeabilization with 
0.25% Triton X-l 00 in PBS (PBST) or in -20°C methanol for 1 0 min. For label- 
ing the extracellular-tagged proteins on the cell surface, live cells were incu- 
bated with the appropriate antibody against the tag in extracellular solution 
(ECS: 168 mM NaCI, 2.6 mM KCI, 10 mM Hepes, pH 7.2, 2 mM CaCI 2 , 
2 mM MgCI 2 , and 10 mM D-glucose) with 100 ug/ml BSA (ECS/BSA) for 
30 min at 20°C, and then fixed with parafix solution followed by permeabiliza- 
tion with PBST for immunostaining. To induce surface aggregates of HA- 
neuroligin-2, live neurons were incubated with anti-HA antibody in the 
conditioned medium for 30 min followed by the secondary antibody for 
30 min. Neurons were returned to the home dish and then fixed 16 h later. 

Surface biotinylation and Western blots 

Transfected HEK293T cells were washed three times with ice-cold ECS and then 
incubated with 1 mg/ml EZ-link Sulfo-NHSLC-Biotin (Thermo Fisher Scientific) in 
ECS at 4°C for 30 min. The remaining active biotin was quenched by washing 
three times with ice-cold ECS containing 1 00 mM glycine. After homogenization 
in lysate buffer (50 mM Tris-HCI, pH 7.4, 1% Triton X-l 00, 150 mM NaCI, 
1 mM EDTA, 0.5% deoxycholic acid sodium, and a cocktail of protease inhibi- 
tors [Roche]), the biotinylated proteins were isolated using streptavidin- 
conjugated Sepharose beads (Sigma-Aldrich), resolved by SDS-PAGE, and 
immunoblotted with the corresponding antibodies. For Western blots for shRNA 
validation, cell lysate was collected, protein concentration was measured with 
the DC Protein Assay kit (Bio-Rad Laboratories), and equal total protein 
was loaded per lane for SDS-PAGE and immunoblot with anti-HA antibody. 

Production of Fc and AP fusion proteins and binding assays 

Nlg2-Fc proteins were produced by HEK293T cells stably expressing the 
construct (sp4-Nlg2-Fc) through Zeocin-based selection, as described previ- 
ously (Takahashi etal., 201 1). Nlgl-Fc, neurexin 1 p(+S4)-Fc, MDGA1-AP, 
neurexin 1 p-AP, and AP control were produced by HEK293T cells with 
transient plasmid transfection. The Fc fusion and AP fusion proteins in the 
conditioned medium were purified using protein G-Sepharose (GE Health- 
care) and Ni-NTA Agarose (QIAGEN), respectively. The Fc fusion protein 
concentration was measured by Western blot relative to a human IgG stan- 
dard curve. AP fusion protein concentration was measured by Sypro Ruby 
protein gel staining (Sigma-Aldrich) relative to a BSA standard curve. For 
the binding assay, transfected live cells were washed with ECS/BSA, and 
then incubated with purified Fc fusion proteins for 1 h at 20°C followed by 
incubation with anti-HA antibodies for 30 min. These cells were fixed with 
parafix solution and then immunostained with FITC-conjugated donkey 
anti-human IgG (H+L) (1:100; Jackson ImmunoResearch Laboratories, 
Inc.) and Alexa 568 anti-lgG2b (1:1,000; Invitrogen) to visualize bound 
Fc fusion proteins and surface HA, respectively. 

For the plate-binding assay, 10 pg/ml purified neurexin 1 P-AP 
was coated onto the wells of a 96-well MaxiSorp assay plate (Thermo 
Fisher Scientific) at 4°C overnight. Unbound protein was removed by 
washing (0.05% Tween 20 in PBS), and remaining surfaces were blocked 
with blocking buffer (3% BSA and 5% goat serum in PBS) at 37°C for 2 h. 
16.6 nM purified Nlg2-Fc was preincubated with 150 nM MDGA1-AP 
or 1 50 nM AP control at 37°C for 1 h, and then added to the wells and 
incubated at 37°C for 2 h. After washing to remove unbound proteins, 
bound Nlg2-Fc was detected by ELISA with a primary antibody against 
Fc, a HRP-conjugated second antibody, and TMB substrate (Thermo 
Fisher Scientific) development to quantify bound Nlg2-Fc by absorbance 
at 450 nm. 



Imaging 

Images were acquired on a microscope (Axioplan2; Carl Zeiss) with an oil im- 
mersion objective lens (40x 1 .30 NA, 63x 1 .4 NA, or 25x 0.8 NA) and a 
cooled CCD camera (Sensys; Photometries) using MetaMorph imaging soft- 
ware (Molecular Devices) and customized filter sets. Images were acquired as 
1 2-bit grayscale and prepared for presentation using Adobe Photoshop. For 
quantification, sets of cells were fixed and stained simultaneously and im- 
aged with identical settings. All image acquisition, analysis, and quantifi- 
cation were performed by investigators blind to the experimental condition. 

Image analysis and statistical analysis 

For quantifying the binding affinity or the surface expression level relative to 
total, we measured the average intensity of each channel within the delineated 
COS7 cell area subtracted by the average intensity of off-cell background. 

For the co-culture assay, we either measured integrated intensity of 
synapsin clusters on COS7 cells, or scored the percentage of COS7 cells 
positive for synapsin clustering, as indicated in the figure legends. We 
chose COS7 cells coexpressing all transfected constructs from a neurite- 
rich area. For intensity measurement, synapsin images were thresholded to 
extract synapsin clusters. The total integrated intensity of all synapsin clus- 
ters in the MAP2-negative COS7 cell area was normalized by the total 
COS7 area from the HA channel. For scoring, COS7 cells were judged as 
positive or negative for apparent synapsin clustering on the MAP2-negative 
cell area through direct microscopic observation. 

For analysis in overexpression and knockdown experiments, trans- 
fected neurons were chosen randomly based on healthy morphology and 
expression level. Neighboring neurons were chosen based on similar MAP2 
staining. Images for each synaptic marker were thresholded to extract the 
clusters. A dendritic segment per transfected or nontransfected neuron was 
randomly selected, and the number of clusters per dendrite length was 
measured. VGLUT1 -positive PSD-95 clusters indicate the number of clusters 
with pixel overlap between the separately thresholded VGLUT1 and PSD-95 
channels (and similarly for VGAT-positive gephyrin clusters). 

For analysis of dendritic arborization, Sholl analyses were per- 
formed with the Sholl Analysis plugin for ImageJ (Anirvan Ghosh Labora- 
tory, University of California, San Diego, La Jolla, CA). 

Analysis was performed using MetaMorph 6. 1 , ImageJ, Excel 2003 
(Microsoft), and Prism 4 (GraphPad Software). Statistical comparisons 
were made with Student's unpaired f test or one-way ANOVA with post 
hoc Bonferroni's multiple comparison test, as indicated in the figure leg- 
ends. All data are reported as the mean ± SEM from at least two (mostly 
three) independent experiments. 

Online supplemental material 

Fig. SI shows images and quantitative analysis indicating that MDGA1 
coexpression with neuroligin-2 in COS7 cell reduces VGAT clustering 
in contacting axons in co-culture. Fig. S2 shows a diffuse distribution of 
YFP-MDGA1 along the surface of dendrites and axons of cultured neurons 
and partial clustering at inhibitory and excitatory postsynaptic sites. Fig. S3 
shows that overexpression of neuroligin-2 along with MDGA1 significantly 
counteracts the effect of MDGA1 on density of VGAT clusters but not of ge- 
phyrin clusters. Fig. S4 shows that MDGA1 overexpression does not affect 
dendritic arborization assessed by Sholl analysis. Fig. S5 shows that 
MDGA1 knockdown does not affect dendritic arborization assessed by 
Sholl analysis. Online supplemental material is available at http://www 
.jcb.org/cgi/content/full/jcb.201206028/DCl . 
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